The pyridine substituted thiourea derivative PTB-1 was synthesized and characterized by spectroscopic techniques as well as by single crystal X-ray crystallography. The metal ion sensing ability of PTB-1 was explored by various experimental (naked-eye, UV-Vis, fluorescence, mass spectrometry and 1 H NMR spectroscopy) and theoretical (B3LYP/6-31G**/LANL2DZ) methods. PTB-1 exhibited a highly selective naked-eye detectable color change from colorless to dark brown and UV-Vis spectral changes for the detection of Ag + with a detection limit of 3.67 µM in aqueous medium. The detection of Ag + ions was achieved by test paper strip and supported silica methods. In contrast, PTB-1 exhibited a 23-fold enhanced emission at 420 nm in the presence of Hg 2+ ions with a nano-molar detection limit of 0.69 nM. Finally, the sensor PTB-1 was applied successfully for the intracellular detection of Hg 2+ ions in a HepG2 liver cell line, which was monitored by the use of confocal imaging techniques.
Introduction
The synthesis and development of colorimetric and fluorescence chemosensors for heavy transition metal ions is gaining significant impetus due to their biological and environmental importance. [1] [2] [3] [4] [5] Among the transition metal ions, Ag + and Hg 2+ ions have attracted considerable attention.
The excessive intake and long-term accumulation of silver ions can lead to insoluble precipitates in the eyes and skin 6 and also can deactivate the normal functions of sulfhydryl enzymes. [7] [8] [9] Regular feasting of Ag + can cause anemia, growth retardation, cardiac enlargement and degenerative changes in animals. 10 In addition, very strong Ag + ion recognition is essential for 111 Ag-based radio immunotherapy 11, 12 and is useful for the recovery of Ag + from waste water, the latter mostly results from the photographic industries. However, the Ag + ion has only moderate coordination ability which makes it quite difficult to be separated from other chemically similar metal ions. Additionally, mercury has been considered as the most toxic metal ion amongst the heavy transition metal ions to humans, [13] [14] [15] and causes severe neurotoxic, immunotoxic and genotoxic effects. Mercury contamination of ecosystems occurs through a number of sources, which include volcanic and oceanic discharges, burning of fossil fuels and solid waste incineration. 16, 17 Mercury can be accumulated in the human body through the food chain. When it is accumulated in the human body, it can cause serious and lasting damage to the kidneys, endocrine system, brain, nervous system and immune system when present at a very low concentration. 18, 19 At present, a number of methods have been developed to detect Ag + and Hg 2+ ions such as inductively coupled plasma detectors, inductively coupled plasma mass spectrometry (ICP-MS), fluorescence anisotropy assays, quantum dot based assays, atomic absorption spectrometry (AAS) and inductively coupled plasma atomic emission spectrometry (ICP-AES).
complex sample-preparation steps, which are major blockages in their everyday use. In contrast, the naked-eye detection method allows detection up to micro/submicromolar levels and that too without involving any expensive/sophisticated instruments. Considering the above facts and as a part of our on-going research on the design and synthesis of chemosensors, [23] [24] [25] [26] [27] we report herein a new pyridine substituted thiourea based sensor PTB-1 (Scheme 1) for the selective and sensitive detection of Ag + and Hg 2+ ions from 100% aqueous solution.
Results and discussion

Synthesis of PTB-1
The synthesis of PTB-1 was achieved by using a simple nucleophilic attack by the primary amine group of pyridine to the isothiocyanato group of phenyl isothiocyanate under reflux conditions in acetone (Scheme 1). 30 The structure of PTB-1 was characterized by IR, 1 H-NMR, 13 C-NMR spectroscopy, and HRMS spectrometry (Fig. S1-S4 †) . Finally, a suitable crystal of PTB-1 for single crystal X-ray diffraction ‡ was obtained from acetone, and the molecular structure is shown in Fig. 1 .
Naked-eye selectivity study of PTB-1
The recognition properties of PTB-1 were studied experimentally toward different metal ions by the naked eye, UVvisible, and fluorescence methods. During the naked-eye experiments (Fig. 2) 
UV-visible absorption study of PTB-1
The changes in the absorption spectra of PTB-1 in observed wide-ranging band between 350 and 600 nm is responsible for the generation of the dark brown color. A slight spectral change of PTB-1 was observed with Hg 2+ with the appearance of a new broad absorption band having a maximum at 214 nm. However, no noticeable spectral changes were observed with the other tested cations.
To gain more insight into the cation chemosensing properties and the mechanism of PTB-1, an absorption titration was performed with Ag + ions. As shown in Based on the 1 : 2 stoichiometry for PTB-1·Ag + complexation, the binding constant (K a ) of PTB-1 with Ag + was determined using the Benesi-Hildebrand plot analysis, 31 by using eqn (1). 
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Finally, the plotting of 1/ΔA vs. 1/[Ag + ] showed a linear relationship ( Fig. S9 †) , and the binding constant (K a ) was determined from the slope and was estimated to be 15 963 M −1 for the PTB-1·Ag + complexation.
Furthermore, the limit of detection (LOD) and limit of quantification (LOQ) of the receptor PTB-1 were calculated. According to the IUPAC definition, the LOD and LOQ were calculated using the relationship LOD = (3.3 × standard deviation)/slope and LOQ = (10 × standard deviation)/slope. To calculate the relative standard deviation, the absorption measurements of ten blank samples were recorded. exhibited an ≈23-fold fluorescence enhancement at 420 nm. In the fluorescence titration experiment (Fig. 5B) , upon the addition of increasing amounts of Hg 2+ ions from 0 to 40 µL (0-0.5 equivalent, 1 × 10
, the emission bands of PTB-1 at 420 nm increased dramatically, whereas less changes in the emission intensity were observed upon the addition of 80 µL (0-1 equivalent) and a decrease was observed after the addition of 1 equivalent (80 µL) of Hg 2+ ions to 10 equivalents (800 µL). This suggested the formation of a host-guest complex of a 2 : 1 stoichiometry. To confirm this stoichiometry, the Job's plot analysis (Fig. S10 †) and the mole ratio plot (Fig. S11 †) were performed. More direct evidence for the formation of this 2 : 1 complex was evaluated from the ESI-MS spectra of PTB-1 in the presence and absence of 1.0 equivalent of Hg 2+ in methanol/water (20 : 80, v/v) (Fig. S12 †) . and EDTA solutions was repeated several times, which indicates only a slight decrease in the emission intensity, suggesting the reusability of PTB-1 (Fig. S15b †) . In contrast, the alternate addition of an equimolar amount of Ag 
Possible recognition mechanism
The molecular structure of PTB-1 and its complexes with Ag + and Hg 2+ was computed by applying the DFT method View Article Online (Fig. S16 †) . (Fig. 6) . The chelation of PTB-1 with metal ions resulted in the lowering of the band gap between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) due to the intramolecular charge transfer (ICT), which may be responsible for the naked-eye detectable color change and the appearance of a new absorption spectral band in the visible region. Also, the calculated band gap of the PTB-1·(Ag + ) 2 complex was found to be lower than the (PTB-1) 2 ·Hg 2+ complex. These calculated results correlated well with the metal ion selectivity observed by UV-Vis absorption spectroscopy. Furthermore, to understand the fluorescence enhancement of PTB-1 with Hg 2+ , the electron density distribution of the HOMO and LUMO in PTB-1 and the (PTB-1) 2 ·Hg 2+ complex was analyzed. In the free receptor, the HOMO was localized mainly over the S atom and the LUMO was distributed uniformly over the receptor which allowed for the photoinduced electron transfer (PET) process from the chelating moiety to the fluorophore moiety. Upon complexation with Hg 2+ , the electron density over the S atom of PTB-1 was transferred to the Hg 2+ ions which inhibited the possibility of fluorescence quenching through PET in the (PTB-1) 2 ·Hg 2+ complex.
Furthermore, we carried out 1 H NMR spectroscopic titration experiments on PTB-1 solutions with various equivalents of Hg 2+ and Ag + ions separately ( Fig. S17 and S18 †). Upon addition of 0.5 equiv. of Hg 2+ ions, it was observed that the peaks due to the two NH protons of PTB-1 at 13.12 and 9.07 ppm disappeared, whilst a broad peak appeared at 16.13 ppm probably due to the OH group (Fig. S17 †) . In addition, some of the aromatic protons of PTB- suggesting the formation of a 1 : 2 complex (Fig. S8 †) . Additionally, FT-IR comparative studies of PTB-1 and the PTB-1·Hg 2+ complex were performed (Fig. S19 †) . The shifting of the -NH, CvS and CvO bands also supports the proposed binding mechanism. 
Dalton Transactions Paper
This journal is © The Royal Society of Chemistry 2017 (Fig. 7A) .
Similarly, the fluorescent sensing of Hg 2+ by chemosensor PTB-1 was found to be barely affected by a number of commonly co-existing miscellaneous competitive cations, including Ag + (Fig. 7B) . Additionally, the UV-Vis and fluorescence responses of the sensor PTB-1 in acidic and basic pH regions were examined. It was observed that the optimum pH range for the use of PTB-1 for detecting Ag + and Hg 2+ ions was 5-9.
Test strips and supported silica based applications of PTB-1
In order to ensure that PTB-1 is potentially of practical use, PTB-1 loaded test strips were prepared to detect Ag 
Live cell imaging study of PTB-1
The fluorescent behavior of PTB-1 was applied to the intracellular detection and monitoring of Hg 2+ in a HepG2 liver cell line i.e. the human hepatocellular liver carcinoma cell line. After being incubated with PTB-1 (10 μM) in RPMI 1640 for 20 min, the cells were imaged by using a confocal fluorescence microscope as shown in Fig. 9A . As expected, no fluorescent image was observed. Then, the HepG2 cells loaded with PTB-1 were incubated with 100 μM of Hg 2+ for 0.5 h in RPMI 1640 medium at 37°C, and then washed with RPMI 1640 to remove excess Hg 2+ ions and were imaged (Fig. 9C) . As shown in Fig. 9C and D, there was a significant increase in the intracellular fluorescence emission intensity compared to the control cells as shown in Fig. 9A and B, which indicated the ability of PTB-1 to detect intracellular Hg (Fig. S21 †) , and the fluorescence intensity hardly changed over 3 h. On this basis, we suggested that PTB-1 had good fluorescence stability.
To access the potential toxicity of PTB-1, 34 MTT assays were carried out. HepG2 cells (10 6 cells per mL) were planted into 96-well microtiter plates in DMEM with 10% fetal bovine serum (FBS). Plates were maintained at 37°C in a 5% CO 2 /95% air incubator for 12 h. Then the cells were incubated for 24 h at 37°C in the 5% CO 2 /95% air incubator with different concentration probes of 0 μM to 100 μM, respectively. MTT solution (5.0 mg mL
, PBS) was then added to each well. After 4 h, the remaining MTT solution was removed, and 200 μL of DMSO was added to each well, followed by shaking for 10 min to dissolve the formazan crystals at room temperature. Absorbance was measured at 490 nm using a TECAN infinite M200pro microplate reader. The high cell viability of PTB-1 indicated that the probe displayed low cytotoxicity to living cells (Fig. S22 †) .
Crystal structure of PTB-1
The pyridine substituted thiourea fragment (C 5 H 4 N)-NH-C (vS)-NH-C(vO)-is planar within 0.103(1) Å (Fig. 1) . This conformation is stabilized by a short intramolecular hydrogen bond N(2)-H(2)⋯O (1) (1) hydrogen bonds (Fig. S23 †) .
Experimental
Materials and measurements
All the starting reagents and metal perchlorates were purchased either from S.D. Fine chemicals or Sigma Aldrich depending on their availability, and were used as received. All the solvents were of spectroscopic grade and were used without further treatment. The purity of the compounds and the progress of reactions were determined and monitored by means of analytical thin layer chromatography (TLC). Precoated silica gel 60 F 254 (Merck) on alumina plates (7 × 3 cm) were used and visualized by using either an iodine chamber or a short UV-visible lamp. Melting points were recorded on the Celsius scale by the open capillary method and are uncorrected. IR spectra were recorded on a PerkinElmer Spectrum One FT-IR spectrometer as potassium bromide pellets and Nujol mulls, unless otherwise mentioned. IR bands are expressed in frequency (cm −1 ). The 1 H and 13 C NMR spectra were recorded on a Jeol JNM-ECX 500 MHz multinuclear probe NMR spectrometer at ambient temperature in DMSO with TMS as an internal standard and chemical shifts are reported in ppm. The abbreviations s, d and t stand for singlet, doublet and triplets, respectively. Mass spectra were recorded on a Bruker Compact HD mass spectrometer. UV-Vis spectra were recorded on a U-3900 spectrophotometer (PerkinElmer Co., USA) with a quartz cuvette ( path length = 1 cm). Fluorescence spectra were recorded on a Fluoromax-4 spectrofluorometer (HORIBA JobinYvon Co., France). Synthesis of PTB-1. In a 100 mL three necked flask fitted with a reflux condenser and a dropping funnel, ammonium thiocyanate (5.0 g, 0.0656 mol) in 25 mL of dry acetone was placed. To this solution, benzoyl chloride (9.23 g, 0.0656 mol) in 10 mL of dry acetone was added dropwise using a dropping funnel. After completion of the addition, the reaction mixture was refluxed for 15 to 20 min. To this refluxed solution, 2-amino pyridine (6.18 g, 0.0656 mol) dissolved in 15 mL of dry acetone was added dropwise. Refluxing was continued for 2 h, and the reaction progress was monitored by TLC. After completion of the reaction, the reaction mixture was cooled to room temperature and was poured into ice cold water with vigorous stirring. The yellow colored solid was filtered, washed with cold water (3 × 20 mL) to give a crude product. The pure PTB-1 was afforded after recrystallization from acetone. Yield: 91%; mol. formula: C 13 X-ray diffraction studies. Crystal data of PTB-1: antibiotics ( penicillin/streptomycin, 100 U ml −1 ). Cultures were maintained at 37°C under a humidified atmosphere containing 5% CO 2 . The cells were sub-cultured by scraping and seeding on 15 mm Petri-dishes according to the instructions from the manufacturer. The fluorescent images of cells were acquired on an 'Olympus laser-scanning microscope' with an objective lens (×40). The excitation of PTB-1 was carried out using a laser at 351 nm and emission was collected between 400 and 500 nm. Prior to imaging, the medium was removed.
Cell imaging was carried out after washing the cells with RPMI-1640 three times.
Conclusions
In 
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